The objective of this work was to evaluate the influence of the number of replicates on experimental precision in corn (Zea mays). Data on the grain yield of 15 corn cultivars, evaluated in a randomized complete block design, with nine replicates (r = 9), were used. From the experiment with nine replicates, further experiments were conducted with combinations of 2, 3, ..., r-1 replicates. The analysis of variance was carried out for each experiment. Experimental precision statistics and central tendency and variability measures were calculated, dispersion diagrams were prepared, and models of these statistics were adjusted as a function of the number of replicates. The number of replicates was determined by the visual analysis of the graphs with the experimental precision statistics. Increasing the number of replicates improves the estimates of experimental precision but decreases gains. Therefore, the increase in the number of replicates is important to improve corn cultivar discrimination. Six replicates are recommended as the benchmark for experiments with corn cultivars. Fasoulas' differentiation index, based on the percentage of significant contrasts, is an appropriate statistic for evaluating experimental precision.
Introduction
In plant breeding programs, cultivar comparison experiments are conducted with the aim of selecting the best genotypes and discarding the least promising ones. In this context, it is important that small differences between cultivar means be identified as significant, i.e., not attributed to chance.
High-precision trials are required to properly discriminate cultivars. Statistics for evaluating experimental precision have already been studied by several authors (Pimentel-Gomes, 1990; Pimentel Gomes, 1991; Lúcio et al., 1999; Cargnelutti Filho & Storck, 2007 , 2009 Resende & Duarte, 2007; Cargnelutti Filho et al., 2014) and class boundaries have been established.
A statistic commonly used by researchers as a measure of experimental precision is the coefficient of experimental variation (CVe) (Pimentel-Gomes, 1990) . For agricultural trials, Pimentel-Gomes Pesq. agropec. bras., Brasília, v.53, n.11, p.1213-1221, Nov. 2018 DOI: 10.1590/S0100-204X2018001100003 (1990) established the following CVe classes: low, less than 10%; average, between 10 and 20%; high, between 20 and 30%; and very high, higher than 30%. According to Pimentel Gomes (1991) , the variation rate (VR), defined as the standard error, expressed as a percentage of the mean, has proved to be an advantageous substitute for CVe in evaluating the number of replicates required. Lúcio et al. (1999) used the least significant difference as a percentage of the mean (LSD%), based on Tukey's test, to assess experimental precision. These authors established the following limits for LSD% in corn cultivar trials: very low, ≤ 9.0; low, 9.0 < LSD% ≤ 25.5; average, 25.5 < LSD% ≤ 48.5; high, 48 .5 < LSD% ≤ 65.0; and very high, > 65.0. Experiments with lower estimates of CVe (Pimentel-Gomes, 1990) , VR (Pimentel Gomes, 1991) , and LSD% (Lúcio et al., 1999) are desirable, since they would enhance experimental precision and improve the reliability of inferences (Storck et al., 2016) .
Studies on the application of experimental precision statistics based on data from corn cultivar trials were conducted by Cargnelutti Filho & Storck (2007 , 2009 . Theoretical aspects have also been addressed in Resende & Duarte (2007) , who also established experimental precision classes for cultivar F-test values (F) and selection accuracy (SA). The experimental precision class boundaries established by the latter authors are as follows: very high, F ≥ 5.2632 and SA ≥ 0.90; high, 1.9608 ≤ F < 5.2632 and 0.70 ≤ SA < 0.90; moderate, 1.3333 ≤ F < 1.9608 and 0.50 ≤ SA < 0.70; and low, F < 1.3333 and SA < 0.50. Experiments with higher F-test and SA scores are more precise. The advantages of this approach have been acknowledged in different works (Cargnelutti Filho & Storck, 2007 , 2009 Resende & Duarte, 2007) .
Another experimental precision statistic studied by Cargnelutti Filho & Storck (2007 , 2009 ) is Fasoulas' differentiation index (FI) (Fasoulas, 1983) . It indicates the percentage of statistical differences among cultivar means that can be detected by the multiple means comparison method. FI ranges from 0% (no significant mean contrasts) to 100% (contrasts for all significant means) and has been considered adequate for classifying experimental precision (Cargnelutti Filho & Storck, 2007) . Higher FI scores are desirable and indicate greater experimental precision, i.e., allow a more accurate cultivar discrimination.
The number of replicates is an important factor in experimental protocols. Replicates are necessary to estimate experimental error and provide the conditions required to test the hypothesis or hypotheses formulated. The quality of the estimated mean is directly proportional to the number of replicates, since the standard error for the mean is calculated by s/√r, where s is the experimental standard error deviation and r is the number of replicates (Ramalho et al., 2012; Banzatto & Kronka, 2013; Storck et al., 2016) . Using an appropriate number of replicates to provide a good estimate of experimental error increases the accuracy of estimated means and also boosts the power of statistical tests. Studies linking the number of replicates to experimental precision have been conducted in corn (Velini et al., 2006; Cargnelutti Filho et al., 2010; Nesi et al., 2010; Curti et al., 2014; Gordón-Mendoza & Camargo-Buitrago, 2015) , showing promising results with an increasing number of replicates.
However, few studies have been carried out specifically considering the possibility of improving experimental precision by increasing the number of replicates, even in very high-precision experiments. An insufficient number of replicates can produce inaccurate estimates, whereas arbitrarily increasing this number can result in wasted time, labor and financial resources, since gains may become inexpressive. According to the criteria proposed by Resende & Duarte (2007) , it is assumed that cultivar discrimination can be increased by increasing the number of replicates, even in very high-precision experiments (F ≥ 5.2632; SA ≥ 0.90). Therefore, a statistic that provides the number of significant contrasts by applying a means comparison test, in this case FI, could be appropriate as a measurement of experimental precision. It is important to determine the number of replicates to increase significant contrasts, without making gains insignificant.
The objective of this work was to evaluate the influence of the number of replicates on experimental precision in corn.
Materials and Methods
The experiment was conducted in the 2012/2013 crop year, with 15 corn (Zea mays L.) cultivars, at the Department of Plant Science of Universidade Federal de Santa Maria, located in the municipality of Santa From the experiment with 9 replicates (r = 9), further experiments were carried out with combinations of 2, 3, ..., r -1 replicates. Therefore, the initial experiment was considered as a reference [C (9.9) = 1 experiment] for the others, in which the 9 replicates were combined into groups of 2 [C (9.2) = 36], 3 [C (9.3) = 84], 4 [C (9.4) = 126], 5 [C (9.5) = 126], 6 [C (9.6) = 84], 7 [C (9.7) = 36], and 8 [C (9.8) = 9] replicates, totaling 502 experiments.
The analysis of variance was carried out in each experiment, based on the mathematical model
where Y ij is the observed value for variable Y of the i th cultivar (i = 1, 2, ..., n) in the j th replicate (block) (j = 1, 2, ..., r); µ is the overall mean; C i is the effect of the i th cultivar (i = 1, 2, ..., n), considered herein as a random effect; B j is the effect of the j th replicate (block) (j = 1, 2, ..., r); and ɛ ij is the effect of the experimental error for Y ij , assumed to be normal and independently distributed with a zero mean and common variance (σ 2 ) (Storck et al., 2016) .
From the results of the analysis of variance for each experiment, the block mean square (BMS), cultivar mean square (CMS), error mean square (EMS), cultivar F-test value (F = CMS/EMS), and overall experimental mean (m) were obtained. The mean phenotypic variance (Vfen = CMS/r), genotypic variance (Vgen = (CMS -EMS)/r), and mean residual variance (Vres = EMS/r) were also estimated as in Cruz et al. (2012) . Then, the coefficients of experimental variation (CVe) and genetic variation (CVg) were calculated as percentages, using the following expressions: , where q α(n;Edf) is the critical value for Tukey's test; n is the number of cultivars (n = 15); Edf is the error degrees of freedom, i.e., Edf = (r -1) (n -1); EMS is the error mean square; and r is the number of replicates. The LSD between cultivars by Tukey's test, expressed as a percentage of the mean for the experiment (LSD%), was estimated as LSD% = 100 LSD/m. SA was obtained according to Resende & Duarte (2007) by SA = (1 -1/F) 0.5 . Tukey's test was applied, at 5% probability, to compare cultivar means. Then, for each experiment, FI was calculated through the expression (Fasoulas, 1983) , where n is the number of cultivars (n = 15) and m i is the number of means exceeded statistically by the i th cultivar after Tukey's test. It should be pointed out that FI is the percentage of statistical differences among means that multiple comparison (Tukey's test) can detect.
Therefore, 502 estimates were obtained for BMS, CMS, EMS, F, m, Vfen, Vgen, Vres, CVe, CVg, VR, LSD, LSD%, SA, 84, 126, 126, 84, 36, 9 , and 1, respectively, for the experiments with 2, 3, 4, 5, 6, 7, 8, and 9 replicates. For each number of replicates, the minimum, maximum, amplitude (maximum -minimum), and means of BMS, CMS, EMS, F, m, Vfen, Vgen, Vres, CVe, CVg, VR, LSD, LSD%, SA, and FI were calculated. Scatter diagrams were prepared, and models were adjusted in order to visualize the behavior patterns of these statistics as a function of the number of replicates. The number of replicates was determined by the visual examination of the graphs used for stabilization of the mean experimental precision statistics. The statistical analysis was performed using Microsoft Office Excel and the Genes program (Cruz, 2013) .
Results and Discussion
For the experiment with nine replicates, the results of the Shapiro-Wilk (SW = 0.987444; p = 0.2573) and Bartlett (χ 2 = 15.4484; p = 0.3482) tests revealed that the residual normality and homogeneity of variance assumptions were satisfied, statistically validating the results of the analysis of variance and Tukey's test (Storck et al., 2016) . The actual data obtained could, therefore, be used in the statistical analysis of the 502 experiments. The analysis of variance of the 36, 84, 126, 126, 84, 36, 9, effect (p≤0.05) increased in proportion to the number of replicates. These results show that the use of blocks was efficient for most experiments with 2, 3, 4, and 5 replicates and for 100% of the experiments with more replicates. Cargnelutti Filho et al. (2010) used 286 trials with three replicates to study corn cultivar grain yield; the F-test run on the analysis of variance revealed a significant block effect (p≤0.05) in 120 trials, i.e., in 41.96% of them. The authors concluded that in most cases (58.04%), due to the insignificance of the block effect, the use of a completely randomized design is appropriate; however, in this kind of experiment, blocks should be treated as a way of ensuring that the source of heterogeneity, if there is any, is controlled.
There was a significant cultivar effect (p≤0.05) in the experiment with 9 replicates, treated herein as a benchmark; in the 36 experiments with 2 replicates, i.e., cultivars differed in regard to grain yield even with a reduced number of replicates; and in all other experiments, with 3, 4, 5, 6, 7, and 8 replicates. Therefore, in the 502 planned experiments, the comparison of means by Tukey's test was an appropriate procedure for discriminating cultivars.
The minimum values of BMS and EMS increased when 2 to 9 replicates were added. However, maximum values and, consequently, amplitude (maximumminimum) decreased, showing the improved precision of BMS and EMS estimates as the number of replicates was increased (Table 1 and Figure 1 ). Since the means of BMS (13.137) and EMS (0.814) remained constant as the number of replicates increased, there is no effect of number of replicates, although the precision of estimates is improved. The lack of alterations in the mean as the number of replicates increased was expected and is in alignment with the mathematical model of the randomized complete block design with random cultivar effect, in which the expected EMS is σ 2 and the expected BMS is σ 2 + nσ b 2 (Storck et al., 2016) . Therefore, for a fixed number of cultivars (n = 15), a constant value is expected for EMS and BMS, regardless of the number of replicates.
The relationship between CMS and number of replicates (r), based on the 502 experiments (CMS = 0.8139 + 2.950 r; R 2 = 0.9044) and on the experimental mean for each r (CMS = 0.8139 + 2.950 r; R 2 = 1), became increasingly linear. The estimates of the intercept (0.8139) and the angular coefficient of linear regression (2.950) correspond, respectively, to EMS and Vgen. The two databases used -in this case, all experiments and means of the experiments for each r -produce the same linear model parameter estimates, but with different coefficients of determination. This relationship is expected, because the mathematical model of the randomized complete block design with a random cultivar effect implies an expected CMS of σ 2 + rσ g 2 (Storck et al., 2016) , where σ 2 is EMS, r is the number of replicates, and σ g 2 is Vgen.
The amplitude of F decreased as r increased, showing that precision improves as more replicates are performed. Since F = CMS/EMS, it can be inferred that F = (EMS + rVgen)/EMS, i.e., F = (EMS/EMS) + (rVgen/EMS) or F = 1 + (rVgen/EMS). Therefore, the relationship between F and r shows an increasingly linear pattern, based on the 502 experiments (F = 1 + 3.6820 r; R 2 = 0.6960) and on the mean of the experiments for each r (F = 1 + 3.6543 r; R 2 = 0.9989). Considering Vgen (2.950) and EMS (0.8139) remain constant as r increases, there is a perfect relationship (R 2 = 1) between F and r, expressed as F = 1 + (r × 2.95001972/0.81387726), i.e. F = 1 + 3.6246 r. Therefore, the F-value increases by 3.6246 for each additional replicate. Even though, with 2 replicates, the F-value indicates a high-precision experiment (F ≥ 5.2632) (Resende & Duarte, 2007) , these results suggest that it is still possible to improve experimental precision by increasing r. However, experimental precision classes based on F would need to be reviewed, as they may not cover these situations.
The minimum values of m increased in direct proportion to r, rising from 2 to 9, and the maximum values decreased. Consequently, amplitude decreased, indicating that the precision of the estimated mean improved as r increased, although the mean remained constant at 8.395 Mg ha -1 (Table 1 and Figure 1 ). These results are in alignment with those of Ramalho et al. (2012) , Banzatto & Kronka (2013) , and Storck et al. (2016) regarding improved experimental precision as the number of replicates is increased.
As to mean Vfen and Vgen, minimum values increased and maximum values decreased as r increased, narrowing amplitude and improving the precision of these estimates. The relationship between Vfen and r can be expressed by replacing CMS in the expression Vfen = CMS/r, i.e., Vfen = EMS + rVgen/r, and, therefore, Vfen = EMS/r + Vgen. The relationship between Vfen and r, based on the 502 experiments, becomes Vfen = 0.8139/r + 2.9500; R 2 = 0.0444. However, based on the mean of the experiments for each r (Vfen = 0.8139/r + 2.9500; R 2 = 1), the relationship was perfect, since Vgen (2.950) and EMS (0.8139) remain constant as r increases. Note that Vgen remained constant at 2.950 regardless of r, which is expected considering the number of cultivars (n=15) used was the same for all experiments. The minimum and maximum values, amplitudes, and averages for Vres decreased as r was increased. The decrease in amplitude indicates improved estimate precision, whereas the decrease in the mean suggests an improvement in experimental precision. The relationship between Vres and r, based on the 502 experiments, was Vres = 0.8139/r; R 2 = 0.8074. However, based on the means of individual experiments for each r (Vres = 0.8139/r; R 2 = 1), the relationship was perfect, since EMS (0.8139) remains constant as r increases.
The means (in percentage) of CVe and CVg remained similar as r increased. This is explained by the constant mean values of EMS, m, and Vgen as r increased. The fact that minimum values increased and maximum values and amplitude decreased shows improved precision in the estimates for CVe and CVg. Based on the average for EMS (0.8139), m (8.395), and Vgen (2.950), for each r, the ratio of CVg to CVe remained constant at 1.9039 regardless of r, indicating that genetic variability was higher than environmental variability.
VR can be expressed as VR = CVe × r -0.5 , which represents the decreasing values in the power model. Therefore, the relationship between VR and r, based on the 502 experiments, was VR = 10.7209 × r -0.4982 ; R 2 = 0.7695, whereas, based on the average of the experiments for each r, it was VR = 10.7194 × r -0.4984 ; R 2 = 0.9999. Considering EMS (0.8139) and the mean (8.395) remained constant as r increased, the relationship is perfect (R 2 = 1) and expressed by VR = 10.7459 × r -0.5 . In terms of r, this statistic is better than CVe for evaluating experimental precision, as highlighted by Pimentel Gomes (1991), Storck et al. (2016) , and Cargnelutti Filho et al. (2014) . Since CVe remains constant regardless of r, based on the CVe of an experiment, r can be redefined to the desired VR values using the expression r = (CVe/VR) 2 .
LSD% decreased in terms of the minimum, maximum, amplitude, and average values, in line with the power model. As r is increased, the estimation of LSD and LSD% improves, and the estimated values decrease, so that smaller differences between cultivar means are identified as significant. This is evidence of improved experimental precision and shows that LSD and LSD% are better than VR and CVe for this purpose, as discussed in Cargnelutti Filho et al. (2014) . This power model pattern shows that the greatest enhancements in precision are produced by few replicates and also that, beyond a certain number of replicates, precision tends to stabilize and gains in precision gradually decrease.
The relationship between LSD and r, based on the means of the experiments for each r, showed decreasing power model values (LSD = 5.2737 r -0.587 ; R 2 = 0.9968). The relationship between LSD% and r, based on the means of experiments for each r, also showed decreasing power model values (LSD% = 63.403 r -0.592 ; R 2 = 0.9967). For the specific situation of 15 corn cultivars, these equations can be used to redefine r to obtain the desired LSD and LSD%. For instance, with the aim of obtaining very low LSD% values (LSD% ≤ 9.0), guaranteeing very high experimental precision, according to the precision classes established by Lúcio et al. (1999) for corn, the r obtained by 9.0 = 63.403 r -0.592 would be r ≈ 27 replicates. This result is in alignment with those of Nesi et al. (2010) , who found that it is not possible to perform high precision trials solely by increasing the number of replicates.
SA showed increases in the minimum, maximum, and mean values, as well as a decrease in amplitude, with a tendency for stabilization. According to the class boundaries established by Resende & Duarte (2007) , SA was high (0.70 ≤ SA < 0.90) only in three experiments with 2 replicates; in the other experiments with two replicates and all experiments with 3, 4, 5, 6, 7, 8 and 9 replicates, experimental precision was very high (SA ≥ 0.90). Therefore, it could be inferred that 2 replicates are sufficient to confer very high experimental precision in this experiment. However, as r increased, there was a decrease in VR, LSD, and LSD% and an increase in F and SA, suggesting improved experimental precision, even for experiments whose F and SA values indicate very high experimental precision (Resende & Duarte, 2007) .
Since F is directly related to SA and both are statistics of experimental precision (Resende & Duarte, 2007) , Vgen and EMS, obtained in the analysis of variance of an experiment, can be used to redefine r for future Pesq. agropec. bras., Brasília, v.53, n.11, p.1213-1221, Nov. 2018 DOI: 10.1590/S0100-204X2018001100003 experiments in order to obtain desired values of F and SA. To do this, isolating r in the expression F = 1 + (rVgen/EMS) gives r = (F -1) EMS/Vgen. Similarly, replacing F in the SA expression [SA = (1 -1/F) 0.5 ] with F = 1 + (rVgen/EMS) and isolating r, gives r = (EMS × SA 2 )/ (Vgen (1 -SA 2 )).
Since the researcher's main aim is to discriminate cultivars, a statistic measuring the percentage of significant differences detected is essential. Experiments with high experimental precision would, therefore, better discriminate cultivars. Based on this approach, FI, which measures the percentage of significant contrasts from 0 to 100%, would be an appropriate statistic for determining experimental precision; this allows studying classes of experimental precision, as already suggested by Cargnelutti Filho & Storck (2007) .
Minimum, maximum, and average values of FI increased and amplitude decreased as r increased, indicating improved FI estimation and better cultivar discrimination as r increased. The mean FI for the 36 experiments with 2 replicates was 17.884%, whereas for those with 9 replicates it was 61.9048% (Table 2) , i.e., of the 105 contrasting means for the combinations of the 15 cultivars in groups of 2 (C (15.2) = 105), 65 were significant based on Tukey's test. These results confirm the hypothesis that, even for experiments classified as of very high experimental precision based on F and SA, experimental precision (higher FI) improved as r was increased.
The values of F, VR, LSD, LSD%, SA, and FI tend to stabilize when a certain r is reached; therefore, the gains achieved in discriminating cultivars decrease from this point on. Visual examination showed statistical stabilization in approximately 6 replicates, which is the number recommended by Resende & Duarte (2007) . This means that even experiments with only 2 replicates, classified as of very high experimental precision according to the boundaries of F and SA (Resende & Duarte, 2007) , could benefit from improved precision by an increase in r.
The obtained results show that it is important to study the experimental class boundaries of F and SA, confirming the findings of Cargnelutti Filho & Storck (2007) regarding the need to investigate FI class boundaries to improve precision using this statistic. However, establishing experimental precision classes was not the main aim of the present study. Six replicates can be taken as the benchmark, but more studies combining number of cultivars and number of replicates in corn and other crops are still necessary. It should be noted that a low number of replicates can lead to greater inferential uncertainty, but that a high number of replicates might not be compatible with the experimental protocol.
Conclusions
1. Increasing the number of replicates improves the estimates of experimental precision statistics, as well as experimental precision, although, after a certain number of replicates, gains in precision gradually decrease.
2. Increasing the number of replicates is important for improving corn (Zea mays) cultivar discrimination.
3. Six replicates can be used as a benchmark for experiments with corn cultivars. 4. Fasoulas' differentiation index is an appropriate statistic for assessing experimental precision, since it takes into account the percentage of significant contrasts. Table 2 . Average grain yield of 15 corn (Zea mays) cultivars with 9 replicates (1) .
Cultivar
Grain yield (Mg ha -1 ) AG 9045 11.959a (13) P30F53H 11.034ab (11) BG7060HR
10.015bc (9) BG7046 9.691bc (9) BG7049H 9.309cd (5) 
Means followed by the same letter do not differ by Tukey's test, at 5% probability. The numbers in parentheses indicate the number of means in which the i th cultivar was statistically greater after Tukey's test.
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